Abstract When prolonged intense exercise is performed at high ambient temperatures, cardiac output must meet dual demands for increased blood flow to contracting muscle and to the skin. The literature has commonly painted this scenario as a fierce competition, wherein one circulation preserves perfusion at the expense of the other, with the regulated maintenance of blood pressure as the ultimate goal. This review redefines this scenario as commensalism, an integrated balance of regulatory control where one circulation benefits with little functional effect on the other. In young, healthy subjects, arterial pressure rarely falls to any great extent during either extreme passive heating or prolonged dynamic exercise in the heat, nor does body temperature rise disproportionately due to a compromised skin blood flow. Rather, it often takes the superimposition of additional stressors-e.g., dehydration or simulated hemorrhage-upon heat stress to substantially impact blood pressure regulation.
Introduction
Biologists define competition as ''active demand by two or more organisms…for some … resource in short supply'' (Merriam-Webster on line). By definition, competition results in a winner and a loser. On the other hand, natureand physiology-is replete with examples of far more symbiotic interactions, including commensalism, defined by biologists as a mutualistic relation between two entities in which one benefits without substantially affecting the other.
In the 19th century, Dastre and Morat (1884) stated that when blood flow to one compliant circulation increases, blood flow to another compliant vascular bed must decrease to maintain ventricular filling pressure. In his book, Human Cardiovascular Control (Rowell 1993 ), Rowell states that ''…prolonged high levels of exercise, with increased ambient temperature…forces humans to deal with the two most powerful competing regulatory demands they ever face: the competition between skin and muscle for large fractions of cardiac output' ' (p. 228) . From observations such as these, the concept arose that during upright exercise in the heat, an intense competition occurs between skin and muscle for the available blood flow. That is, during prolonged exercise in hot ambient environments, one circulation must increase or be maintained at the clear expense of the other.
If cardiac output cannot meet the competing demands of cutaneous and other circulations, what are the functional consequences? During prolonged dynamic exercise in hot environments, if active muscle is the loser, exercise at a given intensity could not be sustained as metabolic demands outweigh supply. If skin is the loser, ineffective body cooling could lead to an increased rate of rise in core temperature and early termination of exercise. But is it as simple as a true competition between these vascular beds, with a winner and a loser?
Even without the added stress of dynamic exercise, extreme supine heating of resting humans can increase skin blood flow to 7-8 L/min, comprising 50 % of the available cardiac output. Under such resting conditions, a similar competition may be envisioned among multiple vascular beds, including cerebral, coronary, splanchnic, and renal circulations. Does this scenario fit the definition of a ''competition'', in which winners and losers are evident? What happens to blood pressure under these extreme conditions?
The scope of this paper is to discern and describe what happens when the integrated cardiovascular system must serve two masters, temperature regulation and blood pressure regulation, with the ultimate goal of maintaining filling pressure and ultimately, arterial blood pressure. The common denominator of both situations described above is a large increase in blood flow to the highly compliant cutaneous circulation. A complex and highly integrated series of central and peripheral cardiovascular adjustments are made to minimize changes in mean arterial pressure. Whether or not temperature regulation is compromised depends on the metabolic heat production and the environmental conditions; however, the notion that severe thermoregulatory consequences limit exercise performance is a clear overstatement under most conditions that have been investigated. There are certainly exercise-induced attenuations in skin blood flow, i.e., exercise skin blood flow is lower than resting flow at a given core temperature. But an argument can be made that the skin is actually overperfused during passive heating and exercise reflexes that diminish cutaneous flow have little functional significance except in the most extreme circumstances. Therefore, in biological terms, the interrelation between the skin and active muscle for available cardiac output is commensalistic, rather than competitive. One thrives with little real impact on the other, and arterial pressure is rarely compromised.
Obviously, if enough strain is exerted on any physiological system, full homeostasis will ultimately be lost. In that vein, this review also examines the consequences of additive stressors superimposed upon hyperthermic situations. For example, when both skin and muscle blood flow have been elevated for prolonged periods of time without fluid replacement, dehydration may occur. Loss of plasma volume in dehydration further stresses the system because it magnifies the decreased filling pressure and increases the magnitude (and perhaps the number) of adjustments that must be made if arterial pressure is to be maintained. Similarly, real or simulated hemorrhage during passive heat stress has the same effect. And finally, although most of the data in the literature have been collected on young, healthy men and women, aging may alter the ability of the system to make such adjustments. Does the nature of the ''competition'' change for older individuals who typically have a compromised skin vasodilatory response?
Passive heating
First, let us consider the situation of intense passive heating in resting humans. There have been several recent reviews on this topic (Crandall and Gonzalez-Alonso 2010; Wilson and Crandall 2011; Crandall 2008; Johnson 2010 ) that have elegantly integrated the classic and contemporary studies in this area; therefore, the central and peripheral adjustments to extreme passive heat stress will be briefly reviewed to construct our argument for commensalism among the various affected regional circulations. While the primary focus of this review is exercise and heat stress, investigations into the central and peripheral cardiovascular adjustments during passive heat stress provide a basis for examining hyperthermic influences on regional circulations in the absence of increased metabolism and its resultant requirement for active muscle blood flow. Determining if arterial pressure is the primary regulated variable under these passive conditions helps frame the context for whether blood flow to the skin or other regional circulations is truly compromised under extreme conditions, and if so, what happens to arterial pressure?
Studies investigating cardiovascular control during passive heat stress have relied upon various methods of increasing, then clamping, skin temperature at *38-39°C, include water-perfused suits, lower limb warm water immersion, and exposure to high environmental heat in an environmental chamber. Under such conditions, the coreto-skin temperature gradient is reversed and as warmed blood returns from the cutaneous circulation core temperature increases. During pronounced supine passive heat stress, skin blood flow may increase from *300 mL/min to upwards of 7-8 L/min (Minson et al. 1998; Rowell 1986; Rowell et al. 1968; Wyss et al. 1974) . To support this large increase in blood flow and volume directed toward the cutaneous circulation, both central (increased cardiac output) and peripheral (redistribution of blood flow from other circulations) adjustments occur, minimizing changes in mean arterial pressure.
Central mechanisms
With a large proportion of blood flow and volume of blood directed to the compliant cutaneous circulation during passive whole body heating, resting cardiac output essentially doubles (Rowell 1974 (Rowell , 1984 (Rowell , 1986 (Rowell , 1993 . This increase occurs primarily through an increase in heart rate, with a slight increase in stroke volume despite significant reductions in central venous pressure (CVP) . Many studies have demonstrated that CVP can approach 0 mmHg depending on the severity of the heat stress (Minson et al. 1998) . Paralleling the decreased CVP, left ventricular filling pressure (indexed by pulmonary capillary wedge pressure) is also reduced (Wilson et al. 2007 (Wilson et al. , 2009 ). Yet despite these profound reductions in cardiac filling pressure, cardiac output increases, stroke volume is well maintained or even rises a little, and mean arterial pressure is well maintained (Fig. 1) .
Over a series of studies, Crandall et al. (2008) showed that although passive whole body heat stress was accompanied by an increase in ejection fraction, it had no effect on echocardiographic indices of diastolic function ). However, indices of systolic function (peak septal and lateral mitral annular systolic velocities and isovolumetric acceleration) were increased. Even with a reduction in left ventricular filling pressure stroke volume is well maintained, suggesting that heat stress induces a leftward shift in the operating point on the Frank-Starling curve (Wilson et al. 2009 ). Along this steeper portion of the curve, small changes in filling pressure result in relatively large changes in stroke volume (Wilson et al. 2009 ). The functional relevance of this operating point shift is highlighted when the additive stresses of upright posture or simulated hemorrhage are superimposed and stroke volume falls. In the absence of such additional influences, however, mean arterial pressure is not compromised despite substantial cutaneous vasodilatation.
Baroreflex control during heat stress An area that has been extensively explored in the regulation of blood pressure during heat stress has been the impact of heat stress on baroreflex control of heart rate and sympathetic nerve activity. Numerous studies have consistently demonstrated that baroreflex control of heart rate and the sensitivity of the heart rate-blood pressure response are not affected by whole body heat stress (Crandall 2000; Yamazaki and Sone 2000; Cui et al. (2002) #242; Wilson et al. 2001; Cui et al. 2002) . Baroreflex control of muscle sympathetic nerve activity (MSNA) may be increased Keller et al. 2006) . Additionally, peripheral skeletal muscle adrenergic sensitivity to the increase in MSNA (Keller et al. 2010 ) is relatively unaffected by increased temperature, suggesting that the skeletal muscle vasculature retains its ability to vasoconstrict, thus aiding in the maintenance of mean arterial pressure.
Peripheral circulatory adjustments
The integrated peripheral circulatory adjustments and hemodynamic responses to severe whole body heat stress were elegantly measured in the classic studies by Rowell and colleagues (Rowell 1974; Rowell et al. 1965 Rowell et al. , 1968 . High skin and rising core temperatures induced a redistribution of blood flow from the renal and splanchnic vascular beds to the cutaneous circulation. In the supine posture, this redistribution of blood flow coupled with an increase in cardiac output results in little to no reduction in arterial pressure (Fig. 1) . Figure 1 shows data from a later series of studies conducted by Minson et al. (1998) (Minson et al. 1998) . While Rowell and Minson et al. calculated blood flow using dye dilution techniques to partition changes in blood flow to the regions circulations, Crandall et al. (2008) showed that during pronounced passive heat stress thoracic blood volume, heart blood volume, and the blood volume in the central vascular structures all decrease. This was accompanied by a decrease in liver and splenic blood volume and a modest reduction in mean arterial pressure 87 ± 2 to 81 ± 2 mmHg. Taken together, these studies demonstrate that when humans are passively heated to their tolerance limits, blood flow is elegantly redistributed and mean arterial pressure is fairly well maintained in the face of falling CVP.
Because of the propensity for orthostatic hypotension to occur in hyperthermic circumstances, there has been considerable interest in the impact of heat stress on cerebral blood flow. In the supine posture, cerebral perfusion and cerebral vascular conductance decrease by as much as 50 % during supine passive heat stress Low et al. 2008) . Carbon dioxide is a potent vasodilator stimulus in the cerebral circulation, yet the magnitude of the reduction in cerebral perfusion with heat stress cannot be fully explained by reductions in CO 2 accompanying temperature-induced hyperventilation (Nelson et al. 2011) . One mechanism for the reduction in cerebral perfusion that has been confirmed in animal models is an increase in cerebral sympathetic nerve activity. Increases in muscle and skin sympathetic nerve activity are clearly evident in humans (Low et al. 2011; Hagbarth et al. 1972; Normell and Wallin 1974) ; thus it is plausible that a cerebral sympathetic nerve activity-mediated reduction in cerebral perfusion similarly occurs. Considering that muscle adrenergic responsiveness is not altered with increasing heat stressed (Keller et al. 2010 ) this sets up a scenario where cerebral vascular resistance decreases while skin vascular conductance increases, again without significantly altering arterial pressure.
In summary, during passive supine heat stress central and peripheral circulatory adjustments are able to compensate for the increased skin blood flow and capacitance to the extent that mean arterial pressure is well maintained. It is only with the addition of upright tilting, simulated hemorrhage, and/or a pathology-induced inability to adjust to the cardiovascular demands of heat stress that mean arterial pressure falls significantly. Of course, this occurs in the absence of the ''competing'' need to pump a substantial fraction of the cardiac output to active skeletal muscle as discussed below.
Upright posture/simulated hemorrhage/lower body negative pressure Compared to normothermia, hyperthermic subjects develop earlier syncopal symptoms and the onset of hypotension during upright tilting and/or application of lower body negative pressure (LBNP i.e., simulated hemorrhage) (Johnson et al. 1973 ). When upright tilting or LBNP is superimposed on hyperthermia, the fall in CVP is exacerbated, stroke volume declines, and the magnitude of the increase in total peripheral resistance is blunted compared to thermoneutral conditions. These changes contribute to a fall in mean arterial pressure and ensuing orthostatic intolerance.
In cool or thermoneutral conditions, the splanchnic and cutaneous circulations serve as reservoirs during orthostatic challenges-vascular resistance increases through sympathetic adrenergic mechanisms liberating blood volume to help maintain cardiac filling pressure. During hyperthermia, despite a heat-stress induced increase in resistance, the splanchnic circulation maintains the ability to further constrict to help maintain CVP (Minson et al. 1999 ) and arterial pressure. In the cutaneous circulation upright tilting or LBNP during hyperthermia results in a withdrawal of active vasodilator activity (as opposed to increased sympathetic adrenergic activity) (Crandall et al. 1996) ; however, a significant volume of blood remains in this compliant circulation, contributing to the fall in CVP, SV, and ultimately MAP. Interestingly, recent work from Pearson et al. (2012) has identified a role for elevated in skin temperature in modulating vasoconstrictor responsiveness in human skin. During a hemorrhagic challenge (LBNP), cutaneous vasoconstriction is severely attenuated when skin temperature exceeds *38°C. A possible mechanism for the lack of a reduction in cutaneous vascular conductance under such conditions may be the influence of nitric oxide (NO), which is required for full expression of reflex cutaneous vasodilatation (Kellogg et al. 1998; Shastry et al. 1998 ) and also attenuates vasoconstrictor responsiveness (Shibasaki et al. 2008; Wingo et al. 2009 ). Unlike supine passive heating alone, when skin temperature exceeds *38°C and further reductions in central blood volume are elicited by gravitational challenges, mean arterial pressure is challenged.
An additional mechanism contributing to impaired tolerance to upright tilting or LBNP during hyperthermia is a reduction in plasma volume and total body water through sweating. Tolerance to simulated hemorrhage (LBNP) is preserved in heat stressed subjects following either rapid plasma volume expansion ) or slow fluid administration of intravascular volume sufficient to offset fluid losses due to sweating . With these ameliorating influences, cardiac output and stroke volume are bolstered by *20 %, which contributes to a greater cardiac output reserve during LBNP and the maintenance of mean arterial pressure.
Finally, cerebral perfusion and vascular conductance further decline with the addition of orthostatic stress to passive heat stress. Syncope will eventually and inevitably occur when cerebral perfusion becomes inadequate in the face of falling MAP. Recently, Lee et al. (2012) demonstrated that large reductions in cerebral perfusion during the early stages of LBNP can occur despite maintained MAP in individuals with decreased orthostatic tolerance. While inter-individual differences in the regulation of cerebral perfusion during heat stress exist, one potential countermeasure for maintaining MAP and thus cerebral perfusion is rapid skin cooling .
In summary, even during extreme supine heating of resting humans, arterial blood pressure is well maintained despite a tremendous increase in skin blood flow. Only when further challenges are superimposed on the system does mean arterial pressure fall.
Aging
Thus far, the central and peripheral physiological adjustments during passive heat stress have focused on measurements obtained in young healthy subjects. With primary human aging in the absence of overt pathologies, there are significant alterations in the regional control of blood flow during passive whole body heat stress (Minson et al. 1998) . While mechanisms associated with the peripheral thermoregulatory responses with aging have been recently reviewed Holowatz et al. 2007 , the physiological responses of the healthy elderly population similarly demonstrate elegant regulatory control of central and peripheral mechanisms during profound passive heat stress.
In a series of studies in the late 1990s, we demonstrated that when passively heated, subjects with a mean age of 70 years (1) exhibited substantially lower skin blood flows, and (2) redistributed less blood flow from the renal and splanchnic vascular beds to the cutaneous circulation (Minson et al. 1998) . Despite similar decreases in CVP between the age groups, there was a much smaller increase in cardiac output in the older subjects. This reduced rise in cardiac output was accompanied by a significant reduction in stroke volume (absolute heart rate was similar between groups). Despite a *4 L/min (75 %) lower cardiac output, total peripheral resistance was higher in the older subjects and mean arterial pressure was well maintained (Table 1) . Considering the age difference in skin blood flow, one might expect greater increases in core temperature during passive heat stress in the older subjects. Yet core and skin temperatures were similar between young and older subjects. Thus, at least during passive heating it does not appear that mean arterial pressure is maintained at the expense of thermoregulatory control or function.
From a clinical standpoint, it is clear that the biggest risk to the aged during extreme prolonged heat stress is cardiovascular in nature due to excess cardiovascular diseaserelated deaths during heat waves (Basu and Samet 2002) . Despite the ability of healthy fit older subjects to tolerate prolonged supine heating as a result of integrated cardiovascular adjustments, older individuals have a greater relative strain on a potentially compromised left ventricle and rely on a greater percentage of their heart rate reserve to increase cardiac output to increase skin blood flow. With Table 1 Thermoregulatory, central cardiovascular and peripheral blood flow adjustments, and mean arterial pressure in young and older subjects at thermoneutral baseline and after whole body heating (water-perfused) suit to the limit of their thermal tolerance ) 110 ± 7 100 ± 5 9 2 ± 8 7 0 ± 8* FBF (mL 9 100 mL -1 9 min increasing cardiovascular co-morbidities and medications that may prevent the necessary central and peripheral adjustments to passive heat stress comes an increased risk of concomitant failure of both cardiovascular and thermoregulatory control systems. However, investigation of the alterations in cardiovascular control and blood flow distribution during passive heat stress in healthy aged populations suggests that despite age-related changes in thermoregulatory cardiovascular adjustments, aged subjects do not experience greater core or skin temperatures when compared to their young counterparts. These findings lend further support to a commensalistic relationship among the regional circulations impacted by, and adjusting to, severe passive heat stress.
Exercise and heat stress
The nature of the ''competition'' Dynamic exercise presents further challenges to the regulatory processes that strive to maintain blood pressure and temperature homeostasis. With exercise, there is a resetting of the baroreflex response curve such that a higher mean arterial pressure is maintained throughout exercise. Despite this resetting to a higher mean arterial pressure during exercise, blood pressure regulation is challenged as peripheral vasodilatation occurs in active skeletal muscle to deliver oxygen to meet the heightened metabolic demand. This decrease in muscle vascular resistance with increasing exercise intensity creates a challenge to systemic blood flow delivery that is met by increases in both cardiac output and vascular resistance to non-exercising tissues. In fact, even in thermoneutral conditions, the capacity of the muscle alone to vasodilate has the potential to outstrip the pumping capacity of the heart (Andersen and Saltin 1985) . Additionally, the increase in metabolic activity for energy production in the working muscle increases heat production, which in turn impacts temperature regulation. During dynamic exercise in the heat, the combined demands of increased nutritive blood flow to metabolically active muscles and the tremendous capacity of the skin to vasodilate in response to elevated body and skin temperatures far outstrip the pumping capacity of the heart. Yet, within a wide range of exercise intensities and environmental conditions, mean arterial pressure is closely defended and the relative perfusion of muscle and cutaneous vascular beds is more a compromise-or commensalism-than a true competition, without a winner or a loser. Impressively, not only is arterial pressure not negatively impacted to any great extent, but also functional metabolic and thermoregulatory demands are met.
Functional control of metabolism and thermoregulation
Dynamic exercise results in substantial metabolic heat production that in turn requires thermoregulatory skin blood flow to increase to mitigate the elevation in core temperature. During heavy exercise, the metabolic rate of active muscle can increase about 100-fold or 70 W/kg of muscle (Nadel 1986 ). Both an increased skin blood flow and evaporative sweating are essential for removal of the heat produced by the active muscle to prevent severe hyperthermia as the former convects heat from muscle to the periphery while the latter provides the majority of heat loss to the environment.
The elevated core temperature during exercise results in an increase in vascular conductance due to the heightened thermal drive for skin vasodilatation. During dynamic exercise in warm ambient conditions, mean arterial pressure is higher than at rest and, at least in compensable environments-where thermoregulatory mechanisms are capable of dissipating sufficient metabolic heat-core temperature can be maintained within functional tolerance limits for prolonged periods of time (Rowell 1974 ). This maintenance of arterial pressure requires a compensatory increase in vascular resistance elsewhere, yet active muscle blood flow is not compromised (Table 2) (Mack et al. 1994; Taylor et al. 1988 Taylor et al. , 1990 Kellogg et al. 1991a, b) . The effect of hyperthermia on active muscle blood flow has been examined in several studies during mild to moderate exercise in the heat (Gonzalez-Alonso 1998; GonzalezAlonso et al. 1998; Nielsen et al. 1990; Savard et al. 1988; Pearson 2011 ) with the consistent conclusion that under euhydrated conditions, even during extreme hyperthermia (core temperatures exceeding 39°C), active muscle blood flow is not compromised. Direct measures of muscle blood flow by Savard et al. (1988) clearly demonstrate this concept (illustrated by the open circles in Fig. 2) .
Therefore, when exercise is performed in the heat and a ''competition'' between nutritive muscle blood flow and thermoregulatory skin blood flow arises, thermoregulatory demands do not divert flow away from active muscle. Changes in conductance within non-exercising tissues, including the skin, are responsible for the preservation of mean arterial pressure during dynamic exercise in the heat.
Rather than divert flow away from active muscle, cardiovascular reflexes associated with exercise attenuate the absolute magnitude of both splanchnic and skin blood flow for a given core temperature during exercise in the heat. When environmental heat stress is added to dynamic exercise, splanchnic and renal vasoconstriction increase such that there is an increased resistance and lower perfusion of these beds at a given exercise intensity compared to thermoneutral conditions (Fig. 3) . One exception where skin blood flow is not fully reduced during the onset of exercise is during sustained high ([40°C) local skin temperatures (Taylor et al. 1984) , which increase skin blood flow in a mechanistically distinct manner from reflex mechanisms. Approximately 70 % of the increase in skin blood flow during sustained local heating to 42°C is due to nitric oxide-dependent mechanisms (Minson et al. 2001 ). Endogenous and exogenous nitric oxide has been shown to reduce cutaneous vasoconstrictor responsiveness in vivo (Durand et al. 2005; Hodges et al. 2007; Shibasaki et al. 2007 Shibasaki et al. , 2008 . The ability for local temperature to modulate skin blood flow may be important during extremely high skin temperatures, such as those achieved during extreme thermal stress or while wearing thermal protective gear. Sustained high local skin temperature may act redundantly to maintain skin blood flow during times when there is high sympathetic activity (Pearson et al. 2013) , such as during exercise. Further studies are needed to examine the extent to which high local skin temperature attenuates non-thermoregulatory control of skin blood flow and blood pressure regulation.
Dynamic exercise alters control of the skin blood flowcore temperature relation in several essential ways. First, the onset of moderate-to-high intensity dynamic exercise is associated with an initial cutaneous vasoconstriction (Fig. 4) (Gagge and Gonzalez 2010; Bevegard and Shepherd 1966; Johnson and Park 1982) , even under conditions of elevated core and skin temperatures (Johnson and Park 1982) . This transient vasoconstriction is dependent on an intact adrenergic vasoconstrictor system (Kellogg et al. 1991a ) and partially related to cardiopulmonary baroreceptor unloading (Nishiyasu et al. 1993) , illustrating that exercise-related reflexes alter thermoregulatory increases in skin blood flow via vasoconstrictor adjustments in the cutaneous vascular bed. Further, during dynamic exercise intensities exceeding 100 W, the threshold for the onset of cutaneous vasodilatation is shifted to higher core temperatures, resulting in a lower skin blood flow for the same core temperature relative to rest (Fig. 4) (Smolander and Holmer 1991; Taylor et al. 1988 ). This reduction in cutaneous vascular conductance during hyperthermia is primarily mediated by an initial vasoconstriction at the beginning of exercise and an attenuated active vasodilator response as exercise progresses (Kellogg et al. 1991a, b; Kenney et al. 1991) . Finally, dynamic exercise seems to place an ''upper limit'' on skin blood flow that restricts cutaneous blood flow to *50 % of the maximum perfusion observed at rest when core temperature exceeds 38°C (Fig. 3) (Brengelmann et al. 1977; Gonzalez-Alonso et al. 1999b; Kenney et al. 1991) . Collectively, these non-thermoregulatory exerciseinduced changes in the magnitude of cutaneous vascular conductance reduce skin blood flow for a given core temperature during exercise in the heat compared to the same core temperature at rest.
Further support for the theory that skin blood flow is controlled in ways designed to preserve arterial pressure during exercise in the heat comes from studies examining the effect of exercise and hyperthermia on skin blood flow during additional challenges to central blood volume and consequently, blood pressure. Dehydration, which leads to Table 2 Four studies are highlighted that examined the effects of increasing thermal stress during one-legged knee extensor exercise or treadmill walking (Nielsen et al. 1990 ) on mean arterial pressure, skin blood flow, and muscle blood flow In these studies, the arrows represent relative changes from resting conditions. In the control site (C) exercise alone increased mean arterial pressure, skin blood flow, and muscle blood flow. When thermal stress such as increasing skin temperature (T sk ), dry bulb temperature (T db ), or core temperature (T c ) was added to exercise, muscle blood flow was unchanged or slightly elevated, and skin blood flow increased further. These data suggest that neither muscle blood flow nor skin blood flow was compromised during moderate exercise with increasing thermal strain. However, under dehydrated conditions (D) when mean arterial pressure was challenged, the decrease in perfusion pressure caused a concomitant decrease in muscle blood flow Eur J Appl Physiol (2014) 114:467-479 473 reduced plasma volume and attenuated venous filling pressure, attenuates skin blood flow and reduces the maximal skin blood flow achieved during prolonged exercise in the heat (Kenney et al. 1990; Nadel 1980) . Similarly, upright posture imposes a great orthostatic stress, particularly during hyperthermia, when the highly compliant vessels of the skin dilate and become a relative ''sink'' for blood volume (Nielsen et al. 1984; Rowell 1986 ). During moderate intensity cycle exercise, upright posture increases the threshold for active vasodilatation, resulting in an attenuated skin blood flow for a given core temperature , muscle blood flow (two-legged blood flow), skin blood flow (forearm blood flow), and mean arterial pressure are preserved when euhydrated. Inadequate fluid replacement that results in significant dehydration (3.9 ± 0.3 % body weight) and reductions in mean arterial pressure is accompanied by a concomitant decrease in both muscle and skin blood flow, suggesting that mean arterial pressure is the regulated variable. In addition, the dehydrated trial resulted in significantly higher esophageal temperatures (T es ) at the end of exercise, which increases the core-to-skin temperature gradient during times of reduced skin blood flow. Redrawn from GonzalezAlonso et al. Fig. 4 Influence of dynamic exercise on the skin blood flow response to hyperthermia. During dynamic exercise skin blood flow is reduced during a an initial adrenergic vasoconstriction associated with the onset of exercise, b shift in the threshold for vasodilation toward higher internal temperatures, and c plateau at *50 % of maximal skin blood flow compared to rest ). Roberts and Wenger (1980) found that the rightward shift in forearm blood flow-core temperature relation was related to the extent to which upright exercise lowered stroke volume. Mack et al. (1988) later found that during mild, steady state exercise the unloading of cardiopulmonary baroreceptors with LBNP played an integral role in maintaining MAP by increasing forearm vascular resistance. Cardiopulmonary reflexes are activated during reductions in central vascular pressure, including right atrial transmural pressure, which-without an increase in cardiac contractility-result in a lower stroke volume. Cardiopulmonary reflexes prevent MAP from falling by decreasing skin blood flow at times when cardiac output is reduced, including upright exercise and dehydration-induced hypovolemia. In contrast, when supine exercise is performed, stroke volume is restored and the plateau in skin blood flow response to rising core temperature is not observed (Gonzalez-Alonso et al. 1999a; Nadel et al. 1979 ). The restoration of skin blood flow is also observed when cardiopulmonary baroreceptors are loaded in cases such as water immersion (Nielsen et al. 1984) , negative pressure breathing (Nagashima et al. 1998) , or central volume infusion (Nose et al. 1990 ). These latter perturbations help maintain mean arterial pressure by increasing cardiac output and stroke volume and are accompanied by a continuous rise in skin blood flow that does not display the characteristic plateau observed when exercise is performed in hot ambient conditions (Nielsen et al. 1984) .
Considering that mean arterial pressure is well maintained under these conditions of added stress suggests that the attenuation in skin blood flow acts to preserve mean arterial pressure when central venous volume or pressure is compromised. Collectively, while muscle blood flow is maintained and metabolic demands for nutritive flow are met to a point limited only by cardiac output and perfusion pressure (Mortensen et al. 2005) , skin blood flow is reduced during dynamic exercise compared to rest and it is this increase in peripheral resistance that at least partially protects mean arterial pressure during dynamic exercise in the heat. But is this a clear ''win'' for the muscle and does a reduced flow compared to rest necessarily mean that skinor thermoregulation-is ''losing''?
Is the skin overperfused during exercise?
Despite the clear observation of an attenuated skin blood flow during dynamic exercise even as sustained heat production is driving core temperature upward, this reduction in convective transfer of heat from the core to the skin is not detrimental to thermoregulation during exercise. That is, if the plateau in skin blood flow that is observed during exercise in the heat compromised thermoregulation, one would expect core temperature to increase at a greater rate beyond that point. Such is not the case, as shown in Fig. 5 .
Overall convective heat transfer is determined by (1) skin blood flow, (2) the specific heat of the blood, and (3) the core-to-skin temperature gradient. Nadel (1986) argued that the relatively lower skin blood flow during exercise is partially offset by the larger thermal gradient produced by high core temperatures during exercise (Nadel 1986) . For example, during moderate intensity exercise in the heat, hypovolemic subjects displayed a 30 % attenuation in skin blood flow that resulted in less than a 10 % difference in heat transfer compared to normovolemia (Nadel 1980 (Nadel , 1986 . In support of this finding, Brengelmann demonstrated that increasing skin blood flow was accompanied by a decrease in the core-to-skin gradient, aiding in convective heat transfer (Johnson et al. 1986 ). Additionally, Rowell makes a compelling argument for the utility of attenuated Continuous exercise in compensable heat stress results in a thermoregulatory homeostasis. During continuous cycling exercise (60 % _ VO 2peak ) in compensable heat stress (30°C, 40 % relative humidity), a thermoregulatory homeostasis can be achieved and is marked by plateaus in esophageal temperature (T es ), skin blood flow (% CVC max ), and core-to-skin temperature gradients (T es -T sk ).
During exercise skin blood flow reaches a plateau at about 50 % maximum dilation, yet core temperature does not begin to rise at a greater rate beyond this plateau (left) due to increased heat loss from the core-to-skin gradient (right). Redrawn and unpublished findings from Bruning et al. (2013) Eur J Appl Physiol (2014) 114:467-479 475 cutaneous volume in thermoregulation: Under conditions of increased skin blood flow, this increase must be met with a proportional decrease in mean transit time to maintain venous return to the heart from the cutaneous vascular beds. As mean transit time decreases, heat loss per unit of blood may decrease, potentially creating a heat dissipation/ cutaneous perfusion mismatch (Rowell 1986) .
Perturbations that limit the rise in, or directly decrease, skin blood flow are rarely accompanied by elevated core temperatures. Additional evidence to this support this notion comes from studies of older individuals who, despite a lower cutaneous vascular conductance during exercise in a hot environment, do not store more heat than young subjects who exhibit significantly higher skin blood flows (Kenney et al. 1990 .
In addition to increasing skin blood flow and/or widening of the core-to-skin gradient through reflex cutaneous vasodilatation, the role of thermoregulatory sweat production and evaporative cooling in the maintenance of homeostatic core temperatures cannot be discounted. Increased exercise intensity is associated with an earlier onset of thermoregulatory sweating and higher sweating rates which facilitate evaporative cooling in environments where the capacity of the environment to take up water vapor exceeds the requisite evaporative heat loss. However, for a given exercise intensity, regulating thermal balance is only possible within a certain range of environmental conditions termed the ''prescriptive zone'' (Lind 1963) in which the core-to-skin gradient can be maintained. In environmental conditions where high ambient heat and humidity preclude adequate evaporation of thermoregulatory sweat, skin temperature is driven upward and the coreto-skin gradient is reversed. Increasing blood flow to the skin in those conditions results in net heat gain through convective transfer from the skin to the body core (Rowell 1974; Nielsen 1996) . Therefore, in these extreme conditions where the core-to-skin thermal gradient is minimized or reversed, increasing skin blood flow can in fact be detrimental to thermoregulation.
It should also be mentioned that, similar to the cutaneous circulation, active muscle may be relatively overperfused. When mean arterial pressure is compromised causing a drop in perfusion pressure, active muscles increase oxygen extraction. Brief periods of maximal exercise in the heat do not reduce maximal aerobic capacity compared to what can be achieved in cooler environments, even with prior hyperthermia elicited from submaximal exercise (Rowell 1986 ). During maximal, whole body exercise, about 50 % of the skeletal muscle is active (Rowell 1993) , which if maximally perfused could overwhelm the pumping capacity of the heart (Andersen and Saltin 1985) . Therefore, during extremely heavy whole body exercise in the heat, metabolic rather than thermoregulatory demands may limit exercise performance.
Collectively, the evidence suggests that during dynamic exercise the reduction in skin blood flow for a given core temperature is not detrimental to thermoregulation, and may in fact support the dissipation of metabolic heat by widening the core-to-skin gradient and increasing mean transit time through the cutaneous circulation. In the case of exercise in high ambient heat and humidity, attenuated skin blood flow may limit convective heat gain in the short term, until metabolic heat production drives core temperatures upward and a critical core temperature is reached. Within compensable environments, there are significant reductions in skin blood flow with little increase in heat storage (Nadel 1986; Kenney et al. 1990; Havenith et al. 1995) suggesting that the attenuated cutaneous vascular conductance and widening of the core-to-skin gradient with exercise allows for simultaneous metabolic heat dissipation and maintenance of a higher mean arterial pressure compared to rest.
Similarly, whole body maximal exercise is limited by the pumping capacity of the heart to deliver adequate blood flow to the exercising muscle. This inability of either cutaneous or skeletal muscle blood flow to increase limitlessly sets functional limits for both of these circulations, while preventing a fall in MAP. This supports the point that the skin circulation does not ''lose'' to the muscle, but rather that the integrated system of thermoregulatory and non-thermoregulatory mechanisms governing cutaneous flow in fact benefits the cutaneous beds such that they are able to serve their thermoregulatory purpose without compromising systemic blood flow delivery.
Summary and conclusions
Commensalism derives from the Latin cum mensal, which means sharing the same table. In the context of dynamic exercise in a warm environment, that ''table'' is the available cardiac output. Rowell (1986) (p. 363) stated that ''…skin and muscle 'compete' for blood flow and their combined needs can easily exceed the pumping capacity of the heart''. That argument has been extended in the literature and in exercise physiology textbooks to conclude that, if taken to high exercise intensity, body temperature, or both, one circulation must win, i.e., be maintained or increase at the expense of the other, and one must lose. Attenuated muscle blood flow would result in cessation of exercise or a forced diminution of intensity; diminished skin blood flow would result in elevated core temperatures and the same effect on the ability to continue exercise. However, neither happens in young, healthy humans.
Rowell describes the phenomenon of ''cardiovascular drift'', in which arterial pressure declines as a consequence of increased blood flow directed to vasodilated skin, illustrating that the compensatory control envisioned by Dastre and Morat is not always complete (Rowell 1993) . However, in the absence of dehydration or other superimposed stresses, mean pressure is well maintained even under extreme conditions. Alternately, Johnson (2010) has argued that this ''conflict between regulatory systems'' limits prolonged exercise by compromising central temperature regulation rather than reducing blood pressure. With the exception of the pathological condition of clinical heat stroke, temperature regulation proceeds relatively unimpaired when adjustments are made to limit the rise in skin blood flow. For example, during prolonged exercise in warm environments, skin blood flow rises and then plateaus as core temperature approaches 38°C. Yet, this plateau is not accompanied by a nonlinear increase in core temperature as exercise continues as one might expect if thermoregulation was compromised.
While the ensuing argument eschewing a ''competition'' between skin and muscle blood flows may be considered by some to be semantic, the elegance of control should be highlighted over a simple battle for supremacy. While there is no doubting Rowell's contention that ''prolonged … exercise with increased ambient temperature…forces humans to deal with the two most powerful competing regulatory demands they ever face'' (Rowell 1986, p. 228) , in fact those demands are met without compromising either blood pressure or temperature regulation.
